Low temperature decomposition of U(IV) and Th(IV) oxalates to nanograined oxide powders  by Tyrpekl, Vaclav et al.
Journal of Nuclear Materials 460 (2015) 200–208Contents lists available at ScienceDirect
Journal of Nuclear Materials
journal homepage: www.elsevier .com/locate / jnucmatLow temperature decomposition of U(IV) and Th(IV) oxalates to
nanograined oxide powdershttp://dx.doi.org/10.1016/j.jnucmat.2015.02.027
0022-3115/ 2015 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author.
E-mail addresses: vaclav.tyrpekl@gmail.com, vaclav.tyrpekl@ec.europa.eu
(V. Tyrpekl).Vaclav Tyrpekl ⇑, Jean-Francois Vigier, Dario Manara, Thierry Wiss, Oliver Dieste Blanco, Joseph Somers
European Commission, Joint Research Centre (JRC), Institute for Transuranium Elements (ITU), Postfach 2340, 76125 Karlsruhe, Germanyh i g h l i g h t s
 Low temperature decomposition of
U(IV) and Th(IV) oxalates.
 Crystallization of Th(IV) and U(IV)
oxides.
 Production of high quality UO2 and
ThO2 nanopowders.
 Easy and low-cost synthetic route.g r a p h i c a l a b s t r a c ta r t i c l e i n f o
Article history:
Received 7 October 2014
Accepted 17 February 2015
Available online 23 February 2015a b s t r a c t
Oxalate precipitation is a powerful technique for actinide oxide preparation at either laboratory or
industrial scales. In this study we focus on the low temperature decomposition of Th(C2O4)22H2O and
(N2H5)2U2(C2O4)5nH2O into nanograined ThO2 and UO2 powders, which will be used later as precursors
for the generation of materials emulating the nuclear fuel high burn up structure (HBS). The evolution
with temperature of the nanoparticles properties has been investigated using several solid state
analytical techniques (transmission and scanning electron microscopy, room and high temperature
powder X-ray diffraction, Raman spectroscopy, thermogravimetry). Oxide powders with a high degree
of crystallinity and grain size from 10 nm were prepared. Their purity was examined with special focus
on the presence of carbonates. It was found that carbonate content in the ﬁnal powder did not exceed
3.4 wt.%, for the powder treated at 600 C for 1 h.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The high burn up structure (HBS) is formed at the periphery of
nuclear fuel above a threshold burn up and its extent continues to
increase with burn up towards the interior of the fuel. Typically,
the HBS shows a sponge-like morphology with grain size down
to 300 nm and porosity up to 20% [1]. As irradiated fuel is difﬁcultto handle, these studies comprise the ﬁrst steps towards the prepa-
ration of a surrogate material to emulate this microstructure, with
the speciﬁc goal of improving the understanding of its properties in
separate effect investigations. To reach this goal, a simple synthetic
route to produce UO2 nanoparticles is essential to provide the most
suitable precursor powder to synthesise a compact with HBS. Pre-
viously, a surrogate of the HBS was prepared using yttria stabilized
zirconia nanoparticles and several interesting mechanical proper-
ties and irradiation stability were conﬁrmed [2]. Therefore, a
preparation route for UO2 and other actinide oxide nanoparticles
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on the U(IV) together with Th(IV) oxalate conversion to oxide.
Actinide oxalates, their preparation, structures and solid-state
reactions have gained signiﬁcant importance in the ﬁeld of
separation chemistry, nuclear decontamination, waste forms and
transmutation fuels [3]. The universality of oxalate precipitation
lies in the possible creation of single cation oxalates such as
Th(IV) [4–6] and U(IV) [6], solid solution oxalates of two cations
such as U(IV)xTh(IV)y [6], Th(IV)xCe(III)y [7], Th(IV)xLa(III)y [8],
U(IV)xPu(III)y [9,10] and even oxalates of more complicated
compositions such as M(I)2+xTh2xNdx(C2O4)5nH2O [5], where M
is an alkali metal or ammonium cation.
With appropriate annealing conditions, the oxalate salts can be
converted to pure oxides or oxide solid solutions, like ThO2 [11,12],
UxTh1xO2 [12–14], UxPu1xO2 [15,16] or U0.85Am0.15O2±y [17]. The
mechanism of oxalate conversion to oxide differs for different
cations and atmospheres (inert or oxidizing). Generally, at low
temperature (up to 300 C) dehydration occurs; at higher tem-
perature (up to  600 C in Ar) the oxalate group decomposes into
CO or CO2 and metal carbonates or oxo-carbonates are formed. In
oxidizing atmospheres the decomposition step takes place at lower
temperatures (up to 500 C). The ﬁnal conversion to pure oxide
occurs at temperatures up to 800 C [12,15,18]. Outside the nuclear
ﬁeld the oxalate decomposition route has been demonstrated as a
reliable and simple route for porous nanograined powder produc-
tion. For example, CeO2 nanoparticles can be obtained by oxidative
decomposition of hydrated Ce(III) oxalate at 350 C [19]. Nano-
grained MgO powder was obtained from oxalate gel precursors
at 564 C [20]. Similarly, nanopowders of MnO2 [21], ZnO [22],Fig. 1. The morphology of U(IV) (a) and Th(IV) (b) oxalate powders after drying as
observed by SEM.Ni1xZnxFe2O4 [23], NiO/Ni [24], metallic Co [25], etc. can be pre-
pared via oxalate decomposition route.
Concerning actinide oxide nanoparticles, only a few preparation
studies have been carried out so far. U(VI) has been electro reduced
to U(IV) and precipitated using 0.1 M NaOH, leading to the forma-In
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Fig. 3. Decomposition of U(IV) oxalate (a) and Th(IV) oxalate (b) determined by
high temperature XRD.
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U(IV) with Th(IV) or La(III) by NaOH at low pH gives nanoparticles
of UxTh1xO2+y or UxLa1xO2+y [26,28,29]. Recently, a nonaqueous
surfactant-assisted synthesis has been developed for controlled
preparation of UO2 [30–32], ThO2 [31,32], UxTh1xO2 [33], PuO2
[34] and NpO2 [35] nanocrystals. Dispersions of nano UO2 can also
be obtained by photo-induced precipitation using gamma (60Co)
[36] or UV [37] radiation.
The current work is focused on the preparation and charac-
terization of nanocrystalline powders of UO2 and ThO2 via oxalate
decomposition. Such a method presents a cheap and easily con-
trolled preparation route which gives high quality powder.
2. Experimental section
2.1. Experimental procedure and reagents
Preparation of (N2H5)2U2(C2O4)5nH2O: uranyl nitrate was electro
reduced to U(IV) in the presence of hydrochloric acid. The U(IV)
solution was mixed with equimolar solution of hydrazinium to sta-
bilize the oxidation state of uranium. This mixture was later
dropped into an oxalic acid/nitric acid/hydrazinium mixture in
order to precipitate the ﬁnal product.
Preparation of Th(C2O4)22H2O: thorium (IV) nitrate solution was
dropped into a mixture of oxalic and nitric acid in order to obtain
the ﬁnal product.(042)
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Fig. 4. Formation of UO2 (a) and ThO2 (b) by high temperature XRD, detail on the
(331) and (042) diffraction lines.The chemical reactions of oxalic precipitation are summarized
in Eqs. (1) and (2)
Th4þ þ 2H2C2O4 þ 6H2O! ThðC2O4Þ2  2H2O # þ4H3Oþ ð1Þ
2U4þ þ 2N2Hþ5 þ 5H2C2O4 þ ðnþ 10ÞH2O! ðN2H5Þ2U2ðC2O4Þ5
 nH2O # þ10H3Oþ ð2Þ
Both precipitates were dried at room temperature under a
nitrogen atmosphere. Later, the oxalates were annealed at 600 C
for 1 h (heating/cooling rate 200 C/h) and at 600, 700 and 800 C
for 2 h (heating/cooling rate 100 C/h) in order to investigate the
effect of the annealing temperature on the ﬁnal grain size. Uranium
oxalate samples were annealed under Ar, while thorium samples
were annealed under air.
2.2. Characterization techniques
2.2.1. Powder X-ray diffraction
The structure of the products was determined at room tem-
perature by X-ray diffraction (XRD) using a Bruker D8 X-ray
diffractometer mounted in a Bragg–Brentano conﬁguration with
a curved Ge monochromator (1, 1, 1), a ceramic copper tube
(40 kV, 40 mA) equipped with a LinxEye position sensitive detec-
tor. For the measurement, the powder was deposited on a silicon
wafer to minimize the background and dispersed on the surface
with 2 or 3 drops of isopropanol. Structural analyses were per-
formed by the Rietveld method with the JANA 2006 software suite
[38]. The high temperature X-ray diffraction experiments were car-
ried out on a Bruker D8 X-ray diffractometer mounted with a
curved Ge monochromator (1, 1, 1), a copper ceramic X-ray tube
(40 kV, 40 mA), a LinxEye position sensitive detector and equipped
with an Anton Paar HTK 2000 furnace. Measurements were con-
ducted up to 700 C under helium. The crystallite size was calculat-
ed using the Scherrer formula, while the non-dimensional strain e0
was calculated using the Hall–Williamson formula [39].
2.2.2. High resolution transmission and scanning electron microscopy
The crystallite size and morphology was studied using trans-
mission electron microscope (TEM) TecnaiG2 (FEI™) 200 kV
equipped with ﬁeld emission gun, modiﬁed during its construction
to enable the examination of radioactive samples. The TecnaiG2
TEM is equipped with a Gatan™ Tridiem GIF camera, an energy-
dispersive X-ray (EDX) analysis system, and a high-angle annular
dark-ﬁeld (HAADF) detector for the scanning transmission electron
microscope (STEM) imaging. The samples for the TEM investiga-
tions were prepared by crushing tiny fragments of the various
compounds in methanol. The resulting suspension was allowed
stand for decanting, and a droplet subsequently deposited on a
copper grid coated with carbon. Scanning electron microscopy
was performed on FEI (Philips) XL 40 using tungsten ﬁlament
(200 V–30 keV).
2.2.3. Thermogravimetry and infrared spectroscopy
The thermal behaviour of the powders was investigated using
Netzsch STA449 C, with 10 C/min heating rate under an argon
atmosphere. FT-IR spectra were measured using Bruker Alpha
spectrometer employing the attenuated total reﬂectance (ATR)
technique with resolution <2 cm1.
2.2.4. Raman spectroscopy
Raman spectroscopy was employed to study the T2g peak
broadening versus the powder grain size. Raman spectra were
measured with a Jobin–Yvon T64000 spectrometer used in the
single spectrograph conﬁguration. The excitation source was an
Ar+ Coherent CW laser radiating at 488 nm or 514.5 nm or a Kr+
Coherent CW laser radiating at 752.5 or 647 nm. Both lasers were
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Fig. 5. Crystallographic characteristics during growth of the UO2 and ThO2 nanograined powders. (a) Grain size; (b) strain; (c) lattice parameters; (d) linear thermal
expansion. All derived from the HT XRD data.
Table 1
Linear thermal expansion (LTE) and linear thermal expansion coefﬁcient (LTEC) for
nanograined UO2 and ThO2.
Temperature
(C)
Cell
parameter
(Å)
LTE
(%)
LTEC
[106 ⁄ 1/
C]
Reference
material [50,51]
LTE
(%)
LTEC
[106 ⁄ 1/
C]
ThO2 20 5.6006 – – – –
400 5.6202 0.35 – 0.34 –
500 5.6238 0.41 6.49 0.44 9.18
600 5.6262 0.46 4.34 0.53 9.40
700 5.6309 0.54 8.39 0.63 9.62
UO2 20 5.4707 – – – –
400 5.4903 0.36 – 0.32 –
500 5.4925 0.40 4.05 0.42 10.27
600 5.4995 0.53 12.79 0.63 10.51
700 5.5062 0.65 12.36 0.73 10.78
Table 2
Oxalate samples annealed at different temperatures together with the mass losses.
Annealing
temperature (C)
Time
(h)
Mass loss (%) Grain size
(nm)
U(IV)
oxalate (%)
Th(IV)
oxalate (%)
UO2 ThO2
600 1 48 44 9 12
600 2 48 45 11 13
700 2 48 45 20 19
800 2 48 46 52 34
V. Tyrpekl et al. / Journal of Nuclear Materials 460 (2015) 200–208 203equipped with a controllable nominal power, usually set to 15 mW
at the exit of the cavity. The power impinging the sample surface is
approximately a factor of 5 lower. Spectra were measured in a con-
focal microscope with a 50-fold magniﬁcation at a long focal dis-
tance. This conﬁguration yields a good spectral resolution
(±1 cm1) independently of the surface shape, with a spatial
resolution of 2 lm  2 lm on the sample surface. The spectro-
graph angle is calibrated with the T2g excitation of a silicon single
crystal, set at 520.5 cm1 [40]. The instrument is calibrated on a
daily basis prior to measurement. Typical integration times ranged
from 1 to 10 s with 3–5 cycles dependent on the laser wavelength
deployed.3. Results and discussion
3.1. Preparation and decomposition of Th(IV) and U(IV) oxalates
The crystal structures of as-prepared Th(IV) and U(IV) oxalates,
respectively, correspond to monoclinic C2/c for Th(C2O4)22H2O
similarly as in [6,8] and mixture of P63/mmc for (N2H5)2U2(C2O4)5-
nH2O as in [5] and C2/c for U(C2O4)22H2O. The morphology of
both oxalate powders is shown in Fig. 1, and is mostly square
formed sheet microcrystals for thorium and mixture of sheets
and small hexagonal wires for uranium oxalates. The decomposi-
tion of the oxalates followed by TGA is shown in Fig. 2. For Th(IV)
oxalate we observed full dehydration by 250 C, which is a bit
lower than previously reported (335 C); full decomposition of
anhydrous oxalate takes place by 587 C, which is similar to
570 C reported earlier [7]. The (N2H5)2U2(C2O4)5nH2O decom-
posed in two steps in contrast to three dehydration and two
decomposition steps observed for U(C2O4)2nH2O [41]. A ﬁrst
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204 V. Tyrpekl et al. / Journal of Nuclear Materials 460 (2015) 200–208weight loss at 256 C corresponds to dehydration and most prob-
ably release or decomposition of hydrazine as well. The second
decomposition, with weight loss about 28.4%, is comparable to
the weight loss during decomposition of anhydrous U(IV) oxalate
(28.5%) [41]. The decomposition was observed via the crystal struc-
ture by high temperature powder XRD (see Fig. 3) for both Th(IV)
and U(IV) oxalates. In both cases the diffraction lines correspond-
ing to the oxalate structure vanish around 300 C, which is a sign
of the amorphisation of the material. This is caused by the dehy-
dration at lower and CO2 release at higher temperature. These
amorphous and dehydrated oxalates are basically the starting
material for the oxide crystallization.
3.2. Crystallization of the UO2 and ThO2
The crystallization of UO2 and ThO2 during the oxalate decom-
position was also studied by HT XRD, and Fig. 4 shows the evolu-
tion of (331) and (042) diffraction lines (space group Fm-3m)
with increasing temperature for both U(IV) and Th(IV) samples. A
clear narrowing of the peaks shape and FWMH is observed, which
corresponds to the grain growth and ordering of the crystal struc-
ture. The grain size at the temperature of formation (400 C) is
5 nm for both powders and doubles at 700 C (Fig. 5a). This con-
ﬁrms a slow grain growth for temperatures below 700 C as also
observed for UO2 nanocrystals obtained by precipitation of U(IV)
aq. solution [42].The mean strain e0 (Fig. 5b) decreases with annealing tem-
perature, in a similar manner as reported earlier [42], but the val-
ues of the mean strain are 50 times smaller than that found in
nano UO2 powder precipitated from aq. solution, which is
explained by the presence of large amounts of physi- or chemi-
sorbed water, in samples prepared by that route. In our case, the
solvent free solid state process of crystallization at higher tem-
perature leaves the crystal structure more relaxed and defect free.
At room temperature the lattice parameter (a) corresponds to
5.470(7) Å for 16 nm UO2, standard a(UO2) = 5.470(4) Å [43], and
for 14 nm ThO2 particles a equals to 5.600(6) Å, compared to bulk
values 5.597(1) Å [7] or 5.592(6) Å [8]. Thermal expansion belongs
to basic material properties; the difference of thermal expansion of
nanopowder compared to bulk can be interesting for HBS studies
in particular. Fig. 5c shows the evolution of the lattice parameters
with temperature. The linear thermal expansion LTE (Fig. 5d) and
linear thermal expansion coefﬁcient LTEC were derived from the
lattice parameters and summarized in Table 1. The LTEC of nano
UO2 is larger than for bulk material above 500 C, which is typical
for nanograined materials [44]. Since our LTE and LTEC values dif-
fer from those earlier reported for nano UO2 [42], it is difﬁcult to
derive some tendencies or conclusions. Interestingly, the LTEC for
nano ThO2 is smaller than the bulk material at temperatures below
700 C. This is a rare occurrence but has been observed already for
Zn nanowires [45].
(a) (b)
(c) (d)
(e) (f)
Fig. 8. Transmission electron microscopy of the nanopowders using bright ﬁeld (BF) and dark ﬁeld (DF). (a) BF and (b) DF of ThO2 obtained at 600 C; (c) BF and (d) DF of UO2
obtained at 600 C; (e) BF and (f) DF of UO2 obtained at 800 C.
V. Tyrpekl et al. / Journal of Nuclear Materials 460 (2015) 200–208 2053.3. UO2 and ThO2 nanograined powders obtained at different
annealing temperatures3.3.1. Structure and morphology
A summary of oxalate samples converted to oxide at different
temperatures together with their associated weight losses is given
in Table 2. For both actinides the weight loss during conversion
from oxalate to oxide was in the 44–48% range, which corresponds
to theoretical values of 46% for thorium oxalate and 54% for urani-
um-hydrazinium oxalate decahydrate. Both oxalates are converted
into oxides with Fm-3m structure with broad diffraction lines indi-
cating small grain size (Fig. 6). Indeed, the grain size determined
from XRD is from 10 nm for powders annealed to 600 C to
50 nm for samples annealed to 800 C (Table 2, Fig. 7). The mean
strain in samples produced this way exhibit a similar decreasing
tendency as those obtained in situ in a HT XRD experiment. Thecrystal size has been conﬁrmed by transmission electron
microscopy, and Fig. 8 shows TEM bright ﬁeld micrographs of the
nanograined powders as well as the dark ﬁeld images of particles
at the edges of rectangular agglomerates. As previously reported
in [7,8], the oxalate microcrystal morphology is retained during
the conversion to oxides. The agglomerates have a highly porous
spongy structure. The STEM observations in Fig. 9 reveal large open
macropores. Indeed, it has been reported that for mixed U0.5Th0.5O2
powder produced by oxalic conversion the surface area is
27 m2 g1 for powders treated at 600 C and decreases to
12 m2 g1 for powders obtained at 800 C [16].
3.3.2. Estimation of the carbonate contamination in the UO2 an ThO2
samples
The ﬁnal step of oxalate decomposition before oxide formation
can result in the formation of carbonates or oxo-carbonates
[41,45]. In previously reported syntheses of nanopowders by oxa-
Fig. 9. Scanning transmission electron microscopy of the Th(C2O4)22H2O converted
to oxide at 600 C.
206 V. Tyrpekl et al. / Journal of Nuclear Materials 460 (2015) 200–208late decomposition the presence of a small carbonate pollution was
either mentioned, and neglected [19,20] or omitted entirely
[22,23]. Thus, we decided to qualify the amount of possible CO32
pollution in the UO2 and ThO2 powders. Fig. 10 shows the CO32
vibrations in the IR spectra of nano UO2 and ThO2. Especially forTr
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Fig. 10. FTIR spectra of UO2 (a) and ThO2 (b) annealed at different temperatures.ThO2 clear signals were observed at 1510, 1360 and 1100 cm1
(mas C@O, mas C@O and ms C@O, respectively) [18,46]. All prepared
UO2 and ThO2 powders were treated by TGA at 1000 C under Ar
in order to quantify the amount of carbonates. The results depicted
in Fig. 11 show a clear step loss of mass by 800 C for UO2. The
mass loss for ThO2 shows a lower amount carbonate pollution
and no clear loss step is apparent. This fact can be explained by
the different atmospheres used during powder preparation. The
Th(IV) oxalate was decomposed under air and U(IV) under argon,
which can lead to different decomposition mechanisms. Another
explanation could lie in the different bonding energy of CO32 to
Th(IV) and U(IV). The carbonate contents never exceeds 3.4 wt.%
(UO2 annealed at 600 C for 1 h). The results are summarized in
Table 3. These values are rather conservative and we expect that
the amount of carbonate might be lower.3.3.3. Raman spectroscopy
Raman spectroscopy measurements performed on nano-
grained uranium dioxide in air were unsuccessful due to rapid
oxidation of this material under the excitation laser beam. This
lead to the rapid formation of different uranium oxides (U4O9,
U3O7, U3O8). Raman investigations were more successful on the
chemically more stable ThO2 nano-grains (see Fig. 12). A red shift
and broadening of the T2g peak in the Raman spectra of nano-crys-
talline ThO2 has been observed earlier [47]. The red shift can be
attributed to several different causes, e.g. the Grüneisen parameter,
the volume expansion observed by XRD, the dispersion in grain200 400 600 800 1000
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Fig. 11. Thermogravimetry of UO2 (a) and ThO2 (b) annealed at different
temperatures enabling the estimation of carbonate content.
Table 3
Carbonate content (obtained by TGA) in samples treated at different temperatures.
Annealing temperature (C) Time (h) Mass loss (CO32)
(%)
UO2 ThO2
600 1 3.4 1.9
600 2 2.9 1.6
700 2 1.9 1.0
800 2 1 0.5
V. Tyrpekl et al. / Journal of Nuclear Materials 460 (2015) 200–208 207size distribution, etc. However, this phenomenon is rather small (a
couple of cm1 at most,) and therefore also rather sensitive to the
calibration stability of the spectrometer. The observed peak broad-
ening was attributed more consistently to phonon conﬁnement in
the nano-grains [48,49]. This model has been assessed for particles
of a similar size as the crystals in this study. Therefore, peak width
has been suggested to be the most suitable parameter to correlate
crystal size in the nanometric range. Consequently, Cappia et al.
published a calibration curve of T2g FWMH versus 1/d, where d cor-
responds to particle size in nm, for nano ThO2 prepared by decom-
position of Th(OAc)4 in non-aqueous media [48]. Fig. 12b presents
the evolution of the FWMH of the T2g line for nano ThO2 powders
obtained at different annealing temperatures. Within the 95% con-
ﬁdence limits of the experimental uncertainty, the grain size in
these samples prepared from the oxalates can be related to the
T2g Raman peak width, and follow the same correlation proposed
in Ref. [48]. This conﬁrms that the present peak broadening can0.0
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Fig. 12. T2g Raman peak of ThO2 nanoparticles of different grain size and bulk
standard (a). Excitation laser wavelength – 488 nm. The FWMH of the T2g peak
versus inverse grain size together with linear ﬁt and 95% conﬁdence bands (b).be reasonably attributed to phonon conﬁnement, and that micro-
Raman spectroscopy can be successfully used on nano-structure
ThO2 as a signature for local grain size.
4. Conclusion
In the present work the products of the low temperature
decomposition of U(IV) and Th(IV) oxalates were intensively char-
acterized by means of powder X-ray diffraction, electron micro-
scopy and Raman spectroscopy. Such a method is low-cost and
facile route for preparation of pure nanocrystalline powders. Fur-
thermore, the recovery of the nanocrystalline material in the pro-
cess is facilitated by its presence as agglomerates derived from
the oxalate crystals themselves. It was found that UO2 and ThO2
start to crystallize from amorphous and anhydrous oxalates at
about 400 C. Tuneable grain size from 10 to 50 nm can be easi-
ly obtained by setting up appropriate annealing conditions (600–
800 C for 2 h). The purity of the powders was examined using IR
spectroscopy and low amount of carbonate contamination was
observed. Furthermore, it was conﬁrmed that Raman spectroscopy
of ThO2 can serve as rapid and easy method for local grain size
probing.
Acknowledgements
The authors would like to acknowledge D. Bouexière and G.
Pagliosa for the powder X-ray diffraction measurements, A. Guiot
for the electroreduction of U(VI) and H. Hein for the TGA/DTA
measurements.
References
[1] V.V. Rondinella, T. Wiss, Mater. Today 13 (2010) 24–32.
[2] J. Spino, H. Santa Cruz, R. Jovani-Abril, B. Richter, C. Ferrero, J. Nucl. Mater. 442
(2012) 27–44.
[3] F. Abraham, B. Arab-Chapelet, M. Rivenet, Ch. Tamain, S. Grandjean, Coord.
Chem. Rev. 266–267 (2014) 28–68.
[4] K.L. Ziegelgruber, K.E. Knope, M. Frisch, C.L. Cahill, J. Solid State Chem. 181
(2008) 373–381.
[5] A. Gil-Martin, B. Arab-Chapelet, M. Rivenet, S. Grandjean, F. Abraham, Procedia
Chem. 7 (2012) 33–38.
[6] N. Clavier, N. Hingant, M. Rivenet, S. Obbade, N. Dacheux, N. Barré, F. Abraham,
Inorg. Chem. 49 (2010) 1921–1931.
[7] L. Claperde, N. Clavier, N. Dacheux, A. Mesbah, J. Martinez, S. Szenknect, Ph.
Moisy, Inorg. Chem. 50 (2011) 11702–11714.
[8] D. Horlait, N. Clavier, N. Dacheux, R. Cavalier, R. Podor, Mater. Res. Bull. 47
(2012) 4017–4025.
[9] Ch. Tamain, B. Arab-Chapelet, M. Rivenet, F. Abraham, R. Caraballo, S.
Grandjean, Inorg. Chem. 52 (2013) 4941–4949.
[10] B. Arab-Chapelet, S. Grandjean, G. Nowogrocki, F. Abraham, J. Nucl. Mater. 373
(2008) 259–268.
[11] N. Clavier, R. Podor, L. Deliere, J. Ravaux, N. Dacheux, Mater. Chem. Phys. 137
(2013) 742–749.
[12] N. Hinghant, N. Clavier, N. Dacheux, S. Hubert, N. Barré, R. Podor, L. Aranda,
Powder Technol. 208 (2011) 454–460.
[13] Y. Altas, M. Eral, H. Tel, J. Nucl. Mater. 294 (2001) 344–348.
[14] N. Hinghant, N. Clavier, N. Dacheux, N. Barré, S. Hubert, S. Obadde, F. Taborda,
F. Abraham, J. Nucl. Mater. 385 (2009) 400–406.
[15] S. Grandjean, B. Arab-Chapelet, A.C. Robisson, F. Abraham, Ph. Martin, J.-Ph.
Dancausse, N. Herlet, C. Léorier, J. Nucl. Mater. 385 (2009) 204–207.
[16] S. Vaudez, R.C. Belin, L. Aufore, Ph. Sornay, S. Grandjean, J. Nucl. Mater. 442
(2013) 227–234.
[17] D. Horlait, F. Lebreton, A. Gauthé, M. Caisso, B. Arab-Chapelet, S. Picart, T.
Delahaye, J. Nucl. Mater. 444 (2014) 181–185.
[18] L. De Almeida, S. Grandjean, N. Vigier, F. Patisson, Eur. J. Inorg. Chem. (2012)
4986–4999.
[19] M.A. Gabal, S.A.K. Elroby, A.Y. Obaid, Powder Technol. 229 (2012) 112–118.
[20] A. Kumar, J. Kumar, J. Phys. Chem. Solids 69 (2008) 2764–2772.
[21] M. Liu, G.J. Zhang, Z.R. Shen, P.C. Sun, D.T. Ding, T.H. Chen, Solid State Sci.
(2009) 118–128.
[22] K.G. Kanade, B.B. Kale, R.C. Aiyer, B.K. Das, Mater. Res. Bull. 41 (2006) 590–600.
[23] P.P. Sarangi, S.R. Vadera, M.K. Patra, N.N. Ghosh, Powder Technol. 203 (2010)
348–353.
[24] C.S. Carney, C.J. Gump, A.W. Weimer, Mater. Sci. Eng., A 431 (2006) 1–12.
[25] S. Majumdar, I.G. Sharma, A.C. Bidaye, A.K. Suri, Thermochim. Acta 473 (2008)
45–49.
208 V. Tyrpekl et al. / Journal of Nuclear Materials 460 (2015) 200–208[26] G. Rousseau, M. Fattahi, B. Grambow, L. Desgranges, F. Boucher, G. Ouvrard, M.
Millot, J.C. Nièpce, J. Solid State Chem. 182 (2009) 2591–2597.
[27] D. Gil, R. Malmbeck, J. Spino, T. Fanghänel, R. Dinnebier, Radiochim. Acta 98
(2010) 77–89.
[28] G. Rousseau, M. Fattahi, B. Grambow, F. Boucher, G. Ouvrard, Radiochim. Acta
90 (2002) 523–527.
[29] G. Rousseau, M. Fattahi, B. Grambow, F. Boucher, G. Ouvrard, Radiochim. Acta
94 (2006) 517–522.
[30] H. Wu, Y. Yang, C. Cao, J. Am. Chem. Soc. 128 (2006) 16522–16523.
[31] D. Hudry, C. Apostolidis, O. Walter, T. Gouder, E. Courtois, C. Kübel, D. Meyer,
Chem. Eur. J. 18 (2012) 8283–8287.
[32] D. Hudry, C. Apostolidis, O. Walter, T. Gouder, E. Courtois, C. Kübel, D. Meyer,
Chem. Eur. J. 19 (2013) 5297–5305.
[33] D. Hudry, J.C. Griveau, C. Apostolidis, O. Walter, E. Colineau, G. Rasmussen, D.
Wang, V.S.K. Chakravadhaluna, E. Courtois, C. Kübel, D. Meyer, Nano Res. 7
(2014) 119–131.
[34] D. Hudry, J.C. Griveau, C. Apostolidis, O. Walter, A. Janssen, D. Manara, E.
Colineau, T. Vitova, T. Prüssman, D. Wang, C. Kübel, D. Meyer, Chem. Eur. 20
(2014) 10431–10438.
[35] D. Hudry, C. Apostolidis, O. Walter, A. Janssen, T. Gouder, E. Courtois, C. Kübel,
D. Meyer, RSC Adv. 3 (2013) 18271–18274.
[36] T.M. Nenoff, B.W. Jacobs, D.B. Robinson, P.P. Provencio, J. Huang, S. Ferreira, D.J.
Hanson, Chem. Mater. 23 (2011) 5185–5190.[37] T. Pavelkova, V. Cˇuba, F. Šebesta, J. Nucl. Mater. 442 (2013) 29–32.
[38] V. Petricek, M. Dusek, L. Palatinus, Jana2006, the Crystallographic Computing
System, Institute of Physics, Academy of the Science of the Czech Republic,
Prague, Czech Republic, 2006.
[39] G.K. Williamson, W.H. Hall, Acta Metall. 1 (1953) 22–31.
[40] J.H. Parker, D.W. Feldman, M. Ashkin, Phys. Rev. 155 (1967) 712–714.
[41] G. Çılgı, H. Cetisli, R. Donat, J. Therm. Anal. Calorim. (2013), http://dx.doi.org/
10.1007/s101973-013-3341-7.
[42] R. Jovani Abril, R. Eloirdi, D. Bouëxière, R. Malmbeck, J. Spino, J. Mater. Sci. 46
(2011) 7247–7252.
[43] IAEA, Thermodynamic and Transport Properties of Uranium Dioxide and
Related Phases, Technical Report Series 39, IAEA, Vienna, STI/DOC/10/39, 1969.
[44] C. Kittel, Introduction to Solid State Physics, Wiley, New York, 1996.
[45] Y. Wang, H. Zhao, Y. Hu, C. Ye, L. Zhang, J. Cryst. Growth 305 (2007) 8–11.
[46] N. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination
Compounds, Part B, John Wiley & Sons, New York, 2009.
[47] S. Dash, A. Singh, P.K. Ajikumar, H. Subramanian, M. Rajalakshmi, A.K. Tyagi,
A.K. Arora, S.V. Narasimhan, R. Baldev, J. Nucl. Mater. 303 (2002) 156–168.
[48] F. Cappia, D. Hudry, E. Courtois, A. Janssen, L. Luzzi, R.J.M. Konings, D. Manara,
Mater. Res. Express 1 (2014) 025034.
[49] G. Gouadec, P. Colomban, Prog. Cryst. Growth Charact. Mater. 53 (2007) 1–56.
[50] F.A. Maure, L.H. Bolz, Nat. Bur. Stds., Report 3148, 1953.
[51] C.P. Kempter, R.O. Elliot, J. Chem. Phys. 30 (1959) 1524.
